The existence of the RNA world, in which RNA acted as a catalyst as well as an informational macromolecule, assumes a large prebiotic source of ribose or the existence of pre-RNA molecules with backbones different from ribose-phosphate. The generally accepted prebiotic synthesis of ribose, the formose reaction, yields numerous sugars without any selectivity. Even if there were a selective synthesis of ribose, there is still the problem of stability. Sugars are known to be unstable in strong acid or base, but there are few data for neutral solutions. Therefore, we have measured the rate of decomposition of ribose between pH 4 and pH 8 from 40°C to 120°C. The ribose half-lives are very short (73 min at pH 7.0 and 100°C and 44 years at pH 7.0 and 0°C). The other aldopentoses and aldohexoses have half-lives within an order of magnitude of these values, as do 2-deoxyribose, ribose 5-phosphate, and ribose 2,4-bisphosphate. These results suggest that the backbone of the first genetic material could not have contained ribose or other sugars because of their instability.
The discovery of catalytic RNA (1, 2) gave credibility to previous suggestions that the first living organisms were RNA molecules with catalytic activity (3-7), a concept known as the RNA world (8, 9) . We take the RNA world to mean the period before the evolution of protein synthesis when RNA itself contained the genetic information and acted as a catalyst in biochemical reactions. This RNA would have contained a ribose-phosphate backbone with adenine, uracil, guanine, and cytosine (A, U, G, and C) as the bases. It is likely that there was a period before the RNA world, which we will call the pre-RNA world, when living organisms contained a backbone different from ribose-phosphate and possibly bases different from A, U, G, and C. These molecules would still have encoded genetic information and acted as catalysts.
There are a number of reasons to believe that the original backbone was not ribose-phosphate, although A, U, G, and C are likely candidates for the bases. First, the polymerization of formaldehyde to sugars, known as the formose or Butlerow reaction, produces almost all possible pentoses and hexoses, including branched-chain sugars, with no selectivity for ribose (10, 11) . Also, while the formose reaction works under prebiotic conditions, it is not particularly efficient (12, 13) . Another problem is that nucleoside synthesis from the heating of purines with ribose is inefficient and does not work at all with pyrimidines (14, 15) . Even if nucleosides could be efficiently synthesized, the products would be racemic, leading to enantiomeric cross-inhibition difficulties in template polymerizations (16) .
There is an additional problem as severe as any of the above-the stability of ribose. Sugars are well known to be unstable in acid and base (17) (18) (19) (20) (21) , but there are few data for neutral solutions (22, 23) . We find that ribose and other sugars have surprisingly short half-lives for decomposition at neutral pH, making it very unlikely that sugars were available as prebiotic reagents.
EXPERIMENTAL PROCEDURES
The sugars were all purchased from Sigma except for glucose (Fisher), gulose (Biospherics, Beltsville, MD), and ribose 2,4-bisphosphate (S. Pitsch, Eidgenossiche Technische Hochschule, Zurich).
The rates of decomposition were measured by 1H NMR on a General Electric QE 300-MHz instrument. The samples were dissolved in aqueous 0.05 M deuterated phosphate [p2H (pD) 6.4-8.4] or acetate (pD 4.4-5.4) buffer and sealed in NMR tubes. Each tube also contained an external reference typically consisting of 0.5% CHC13 in CC14 in a sealed capillary tube. The pH of the solutions was measured at 25°C on a Corning model 250 pH meter and these readings were converted to pD by the formula pD = pH + 0.4 (24) . The pD was corrected for the temperature by ApD = ApK (24) . In the case of ribose and ribose 5-phosphate, the decomposition of the sugar was monitored by the decrease in the NMR signal of the proton on carbon 1 (1-H) of the a and (3 furanose forms relative to a CHCl3 external reference. The 1-H of the furanose forms was chosen because of the relative isolation of their chemical shifts from those of water and the decomposition products. For the other sugars, the 1-H signals most separated from the water signal were used. No attempt was made to identify the decomposition products because of the complexity of the mixtures (17, 25) .
RESULTS AND DISCUSSION The rate of decomposition of ribose in H20 at 100°C and pH 7.0 was compared with that in D20 at 100°C and pD 7.4, by evaporating the H20 and replacing it with D20 after the reaction.
The rates were identical within experimental error (kH2o/kD2o =
There is considerable general base catalysis of the decomposition of ribose and the other sugars. At pD 7.4 and 100°C, rate (s-1) = 2.86 x 10-3
The decomposition products are acidic, and buffer was required to maintain the pH. To minimize catalysis by the buffer, the lowest buffer concentration that maintained the pH at a constant value was used (0.05 M phosphate or acetate).
The pD-rate profile for the decomposition of ribose is shown in Fig. 1 . The rate is approximately proportional to the OD-ion concentration in the pD range 4-6. The rate is faster than extrapolated from Fig. 1 composition is the rate-determining step, although it could also be due to general base catalysis by HPO2-rather than
Although phosphate is a minor component in the present ocean, there is considerable buffering by the 2.3 x 10-3 M HCO-. The bicarbonate concentration would have been higher in a prebiotic ocean with a primitive atmosphere high in CO2 (26, 27) . We measured the rate of ribose decomposition at pD 7.4, using a 0.05 M bicarbonate buffer. The rate is 0.52 that observed with a 0.05 M phosphate buffer. We believe, therefore, that these results should be applicable to any reasonable primitive ocean model.
The half-life of ribose decomposition at 100°C and pD 7.4 is 73 min. Even ifwe assume a primitive ocean devoid of catalysis by general bases, ribose still decomposes so rapidly that it is difficult to see how it could have played a role in any high-temperature origin-of-life scenario unless it was utilized immediately after its prebiotic synthesis.
The temperature dependence of the rate of ribose decomposition follows an Arrhenius curve as shown in Fig. 2 log k (s-1) = 11.23 -5608/T, with a heat of activation of 25.7 kcal-mol-1. The half-life at pD 7.4 extrapolates to 300 days at 25°C and to 44 years at 0°C. Even with correction for the buffer concentration, this is a very short period of geological time, and it is difficult to see how ribose could have been available for prebiotic use, even at low temperatures.
The stability of other sugars is of interest because of their involvement in many biological processes and because they may have been utilized earlier than ribose. Fig. 3 shows the rate constants for the decomposition of the four aldopentoses and eight aldohexoses which are approximately proportional to the percent of free aldehyde (28) . The major uncertainty lies in the values of the free aldehyde, which were measured at 20°C rather than the temperature of 100°C used for the decomposition measurements. All of the sugars decompose with halflives within an order of magnitude of the ribose value. Unless the temperature coefficients of these decompositions differ greatly from that of ribose, it is clear that these other sugars are as unlikely as ribose to have been available in the prebiotic world.
2-Deoxyribose decomposes at pD 7.4 and 100°C with a half-life of 225 min (2.6 times slower than ribose). Ribose 5-phosphate decomposes with a half-life of 7 min (12 times faster than ribose). These differences in rate are relatively minor, so that the same considerations apply to these ribose derivatives as to ribose itself.
Ribose 2,4-bisphosphate has been synthesized with considerable selectivity from glycolaldehyde phosphate and formaldehyde (29) , and it may have been a prebiotic reagent. In addition, it has been shown to be much more stable than ribose in 2 M NaOH. Our measurements of the decomposition of ribose 2,4-bisphosphate at pD 7.4 show that it decomposes with a half-life of 31 min at 100°C. Although ribose 2,4-bisphosphate is quite stable in base, it is clear that it is not substantially more stable at pD 7.4 than other aldopentoses and aldohexoses.
These data probably underestimate the rate of decomposition of sugars under plausible prebiotic conditions. The pH of the present ocean is 8.2 rather than 7.0, which would increase the rate by about 50% (Fig. 1) . The reaction of amino acids with sugars-the Maillard, or browning, rcaction-is a rapid and irreversible decomposition pathway (30, 31) . In addition, aldoses are easily oxidized to sugar acids and they react readily with low concentrations of HCN (Kiliani reaction) to form the next higher sugar acid (32, 33) . These and other decomposition pathways make it unlikely that sugars played a role in early prebiotic syntheses. These pathways may also account for the absence of sugars in the Murchison meteorite (34) . Carbonaceous chondrites such as the Murchison meteorite were formed on an asteroid in an environment cQnsidered to be a reasonable model of prebiotic synthesis on the early Earth. The means by which ribose became incorporated into the genetic material is not clear and is difficult to discuss without knowing the precursor to the ribose-phosphate backbone. Although ribose and other sugars are very unstable, it is possible that stable prebiotic derivatives of ribose were present in the primitive ocean that could have been converted to ribose by one or two enzymatic steps. For example, ribose and other sugars produced in the formose reaction are quickly converted to the next higher sugar acid by the'Kiliani reaction. The conversion back to ribose would involve an enzymatic step to ribulose and a nonenzymatic isomerization to ribose (Fig. 4) . Another potential pathway would have been to oxidize ribose to the aldonic acid immediately after its prebiotic synthesis. It could then be converted back to ribose in a single enzymatic step from the lactone with NADH.
Glycolysis has long been thought to have been one of the earliest energy sources in biology, although a case has been made against this (35 
CONCLUSION
The above results show that stability considerations preclude the use of ribose and other sugars as prebiotic reagents except under very special conditions. It follows that ribose and other sugars were not components of the first genetic material and that other possibilities, such as the peptide nucleic acids (36) and other non-sugar-based backbones, should be examined.
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